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Genome instability continuously presents perils of cancer, genetic 
disease and death of a cell or an organism. 
At the same time, it provides for genome 
plasticity that is essential for develop-
ment and evolution. We address here the 
genome instability confined to a small 
fraction of DNA adjacent to free DNA 
ends at uncapped telomeres and double-
strand breaks. We found that budding 
yeast cells can tolerate nearly 20 kilobase 
regions of subtelomeric single-strand 
DNA that contain multiple UV-damaged 
nucleotides. During restoration to the 
double-strand state, multiple mutations 
are generated by error-prone transle-
sion synthesis. Genome-wide sequencing 
demonstrated that multiple regions of 
damage-induced localized hypermuta-
bility can be tolerated, which leads to 
the simultaneous appearance of mul-
tiple mutation clusters in the genomes 
of UV-irradiated cells. High multiplic-
ity and density of mutations suggest that 
this novel form of genome instability 
may play significant roles in generating 
new alleles for evolutionary selection as 
well as in the incidence of cancer and 
genetic disease.
Multiple Mutations  
and Adaptive Changes
Even a single mutation in DNA can alter 
biological functions to the detriment or 
benefit of a cell or organism. Thus an 
important balance must be maintained 
between limiting mutation frequency, 
thereby reducing the risk of harmful 
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changes and allowing a level of mutagene-
sis that can provide sufficient opportunity 
for rare adaptive changes that fuel evolu-
tion. In general, the rates of spontaneous 
mutations on a genome scale are limited 
by the systems of replication fidelity and 
repair.1,2 Studies using mutation reporters, 
mutation accumulation on the evolution-
ary and population scales as well as inter-
generation sequence comparisons indicate 
that the mutation rate per genome dupli-
cation in various species is low. At most 
there is only a single new mutation gener-
ated per several tens to hundreds of cell 
divisions.3-7 This low mutation rate makes 
accumulation of multiple mutations over 
just a few generations rather unlikely; 
however, multiple mutations are impli-
cated in several diseases and in evolution. 
Even less likely would be the incidence 
of simultaneous changes in a single gene. 
Importantly, multiple mutations in a gene 
are expected to have the strongest biologi-
cal effects via reduction in gene function, 
increase in gene function or even creation 
of a novel function.
Stronger potential for biological effect 
of multiple mutations is evident for the 
case of gene inactivation, since the major-
ity of base pair substitutions (bps) and 
even some small insertions and deletions 
(indels) would leave the gene function-
ing at a biologically sufficient level. This 
is because a second mutation in the gene 
increases not only the chance that one 
of the mutations is in itself deleterious, 
but also creates the potential for the two 
mutations to work in concert to reduce 
the gene’s function. Multiple mutations 
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course of repairing a double-strand gap, 
was demonstrated recently by Haber and 
colleagues.30 Recently, another form of 
DSB-repair—break-induced replication, 
was also demonstrated to be mutagenic.31 
In all of these yeast and E. coli systems, 
rates of mutation per nt in the absence of 
exogenous DNA damage (“spontaneous”) 
was close to 10-5 per nt, comparable to the 
value initially obtained by the Strathern 
group32 (see also Fig. 1). Not surprisingly 
this level of hypermutability produced 
only single mutations in reporter ORFs.
Damage-Induced LHM
The rates of spontaneous LHM associated 
with DSB repair were close to the esti-
mated value of in vivo error rates in yeast 
cells carrying a double defect in DNA 
polymerase proofreading and post-replica-
tive mismatch repair (MMR) (1.5 x 10-6 
per nt in the URA3 gene).33 Importantly, 
the combination of proofreading and 
MMR defects did not produce multiple 
URA3 mutations even though cells were 
grown for several generations. There are 
no indications that significantly higher 
in vivo error rates could be achieved dur-
ing synthesis on long undamaged tem-
plates that would be capable of producing 
simultaneous multiple mutations within 
a single ORF. However, very high muta-
tion density can be achieved if LHM is 
associated with DNA damage. A dramatic 
example of programmed, damage-induced 
increase of mutation frequency by about a 
million-fold as compared to genome-wide 
rate is well established for a small region 
of the Ig-locus in genomes of immune B 
cells (reviewed in refs. 34 and 35 and Fig. 
1). This somatic hypermutation (SHM) 
is confined to a small region within the 
Ig locus. SHM is driven by activation 
induced deaminase (AID), a specialized 
enzyme which converts some cytosines 
in the SHM region into uracils. Since 
this region is involved in determining the 
affinity to an antigen, SHM results in a 
very fast accumulation of multiple mutant 
alleles providing sufficient material for 
selecting cells producing antibodies with 
several orders of magnitude greater affinity 
to the antigen. Because of specially orga-
nized cell division control, cells express-
ing high affinity antibodies also have a 
example 1027 yeast cells would weigh 100 
trillion kilograms). Several orders of mag-
nitude greater mutation rates are required 
to make simultaneous multiple mutations 
plausible. For example, the rate of 10-4 per 
nt would allow simultaneous mutation of 
three specified nucleotides to be found 
among 1012 cells, which corresponds to 
just 100 grams of yeast (or around 1 kg 
of human cells). However, such high 
mutation probabilities are impossible on 
a genome-wide scale even for a single cell 
generation. A minimal estimate for 40,000 
one-kilobase ORFs (in a diploid human 
genome) yields around 4,000 mutations, 
which would create an intolerable muta-
tion load by coincidence of allelic recessive 
lethals and/or inactivation of haplo-insuf-
ficient genes.
Genome-wide mutation overload 
can be avoided if high mutation densi-
ties are generated only in small regions 
of a genome—a phenomenon we define 
as localized hypermutability (LHM). 
Among the possible sources of region-
specific LHM are at-risk motifs capable 
of forming DNA structures that are poor 
substrates for DNA repair and mutation 
avoidance systems20,21 as well as specific 
chromatin organization.22 Over the past 
years it has became clear that DNA double-
strand breaks (DSBs) and DSB-repair can 
be important sources of LHM that is not 
restricted to a certain region in a genome 
but can occur whereever breaks happened 
to locate. Studies of adaptive mutagenesis 
in E. coli by Rosenberg et al.23,24 first indi-
cated that DSB-repair could be mutagenic. 
Soon after that Strathern and colleagues 
established in the model yeast system 
using a defined site-specific DSB repaired 
by homologous recombination that the 
repair in fact is associated with up to sev-
eral hundred fold increase in mutation 
frequency in the area around a DSB.25,26 
Later, the hypermutability of DNA adja-
cent to a DSB was confirmed in E. coli, 
establishing the generality of the phenom-
enon across microbial taxons.27,28 Recently, 
we confirmed one of the sources of LHM 
suggested by the Strathern group, which 
is hypermutability of long single-strand 
DNA (ssDNA) formed by strand-biased 
5'→3' DNA degradation (resection).29 A 
second proposed source, error-prone DNA 
synthesis creating two new strands in the 
also are more likely to generate changes 
that increase fitness. Studies, aimed to 
generate enzymes with enhanced activ-
ity or even with a new type of activity, 
have established that these effects are 
achieved mostly by multiple mutations.8,9 
Importantly, multiple mutations can show 
sign epistasis—a condition where individ-
ual changes within a beneficial multiply 
mutated allele are neutral or even del-
eterious when analyzed separately.10,11 On 
an evolutionary scale, these observations 
translate into a requirement for multiple 
mutations to avoid fitness valleys, where 
steps with reduced fitness in the succession 
of mutation events that would eventually 
result in alleles with high fitness and to 
follow fitness ridges, where the successive 
mutations occur through steps that do not 
lead to fitness reduction.12,13 As established 
by comparisons across a wide range of tax-
ons, sign epistatsis as well as fitness ridges 
and valleys remain important features of 
current protein evolution.14 However, fit-
ness valleys are not an impediment to 
adaptive evolution if advantageous alleles 
with multiple mutations can occur by 
simultaneous or closely timed mutation 
events. Multiple mutations that appear to 
be simultaneous or coordinated in time 
(chronocoordinate) have been detected 
in normal mouse and human tissues15,16 
and in tumors.17-19 While the fraction of 
mutations that appear to be chronocoor-
dinate is small, they may play bigger roles 
in some types of cancers, especially those 
associated with a high density of DNA 
damage (see below).
Localized Hypermutability (LHM)
Since beneficial mutations represent a 
tiny subset of all possible changes, very 
few multiple mutations are expected to 
produce high fitness. In order to obtain 
a set of simultaneous mutations in spe-
cific nucleotides within a single ORF that 
would enhance gene function, individual 
changes would need to occur with a very 
high probability. For example a rate at 10-9 
per nt per cell generation calculated for 
budding yeast6,7 isolation of one cell with 
simultaneous mutation of just three spe-
cific bases becomes practically impossible 
(10-27), because it would require unreal-
istic amounts of biological material (for 
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it lacks DNA repair across the genome. 
However, lack of repair of lesions in a 
small region of the genome may be toler-
ated as in the case of SHM. In this situa-
tion, error-prone TLS during copying of 
region with multiple lesions can produce a 
stretch of multiple mutations. One poten-
tial source of LHM due to inhibited DNA 
repair is damaged ssDNA. Since most 
DNA repair systems operate exclusively on 
double-strand DNA (dsDNA), damage in 
ssDNA often would be left unrepaired and 
lead to mutation. Coincidence in both the 
formation of large stretches of ssDNA and 
induction of DNA-damage could, in prin-
ciple, be a source of LHM, if the damaged 
ssDNA is capable of recovery to dsDNA 
state. However, if long ssDNA with mul-
tiple lesions is lost due to degradation or 
Can Damage-Induced  
LHM  Operate  
in a Non-Programmed Mode?
The existence of multiple powerful repair 
systems enables living cells to repair vast 
numbers of DNA lesions within a single 
cell cycle. The number of lesions due to 
endogenous damage in normal human 
cells is estimated to be in the tens of thou-
sands per day38 and the tolerable number 
of lesions that can be caused by exogenous 
sources can be orders of magnitude greater, 
reaching a density of one lesion per several 
thousand nt.39-42 Unrepaired lesions often 
lead to mutations, if copied by error-prone 
translesion synthesis (TLS) DNA poly-
merases.43,44 A cell with a high density 
of DNA damage would inevitably die if 
proliferative advantage over cells produc-
ing low affinity antibodies. Thus SHM 
also increases the fitness of a cell through 
multiple beneficial mutations in a single 
allele. Since the variety and frequency of 
mutations is so high, SHM also increases 
the frequency of gene inactivation. Such 
inactivating mutations likely occur in Ig 
mutated cells but are eliminated by the 
selection for high affinity alleles. Albeit 
at much lower efficiency, AID expressed 
in immune cells is mutagenic for several 
other genomic regions, which makes these 
regions prone to undesired changes.34,36,37 
However, since SHM is mostly confined 
to a small region within the Ig-locus, it can 
produce multiple mutant alleles with high 
fitness without excessive generation of 
lethal or low fitness alleles in other genes.
Figure 1. Mutation frequencies associated with various kinds of localized hypermutability. Mutation frequencies were derived from the following 
publications: DsB-repair, F’ episome-E. coli mutations selected in F’ codA,B genes with a mutation target size of 848 bp was used for calculations;84 
Double-stranded (ds) gap repair—mutations in the yeast URA3 gene occurring during a double-stranded (ds) gap repiair,30 a minimal estimate of mu-
tation target of 125 bp as determined by;85 DsB-repair—frequency of spontaneous mutations in the vicinity of a DsB repaired by homologous recom-
bination.32 A site-specific DsB was induced next to the chromosomal CAN1 gene and repaired by homologous recombination with a truncated copy of 
CAN1 in the same chromosome. Unlike a double-strand gap in reference 30, DsB ends homologous to adjacent segments of DNA sequence were used 
for repair. this system did not allow distinction between hypermutability in transiently formed ssDNA (as in ref. 29), or hypermutability during repair 
of a ds-gap (as in ref. 30). DsB-repair in ssDNA—in this system the CAN1 reporter gene was placed in the vicinity of a DsB that was repaired by a short 
oligonucleotide, so the CAN1 sequence did not participate in recombination and the most likely hypermutable intermediate was transient ss DNA (ref. 
29 and Fig. 2A). the probability of CAN1 mutations in both DsB-repair systems was calculated based on the frequency data corrected for the minimal 
estimate of mutation target (236 bp as determined by ref. 85). Damage-induced LHM (ssDNA at DsB or uncapped telomere). Average frequencies of 
mutations induced by Uv-C (45 J/m2) and MMs (30 min in 11.8 mM (0.1%) MMs) in yeast ssDNA around DsB or next to uncapped telomere were taken 
from references 29 and 45. sHM, adaptive immunity. Approximate frequency of mutations associated with somatic hypermutation in the ig-genes was 
taken from references 34 and 35.
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In subsequent work we found that 
MMS-induced mutations are caused by 
ssDNA-specific damage (predominantly 
N-3-methyl cytosine), indicating that the 
damage was inflicted after the DNA had 
become single-stranded.45 Importantly, we 
observed a large number of strand-biased 
multiple mutations (up to 6 widely-spaced 
changes in a 4 kb ORF). These findings 
provided the first demonstration of dam-
age-induced LHM via a mechanism that 
tolerates multiple, simultaneous lesions in 
In these model systems, the frequencies 
of damage-induced LHM were compa-
rable to those observed in programmed 
SHM within the Ig-locus (Fig. 1). 
Damage-induced LHM caused by two 
different kinds of damaging agents, ultra-
violet light (UV) and methylmethane sul-
fonate (MMS) relied completely on the 
error-prone TLS polymerase Polζ. Strand-
biased mutation spectrum of UV-induced 
mutations indicated that mutations are 
caused by TLS in the damaged ssDNA.29 
cell death triggered by checkpoint activa-
tion, the opportunity for multiple muta-
tions will be lost.
We sought to determine if long stretches 
of ssDNA formed around a DSB or at 
uncapped telomeres can recover to gen-
erate cells with multiple mutations.29 For 
this purpose we developed special genetic 
systems in a model eukaryote, the yeast S. 
cerevisiae where stretches of long ssDNA 
can be formed around inducible site-spe-
cific DSB or uncapped telomeres (Fig. 2). 
Figure 2. Damage-induced localized hypermutability associated with transient regions of single-strand DNA generated at double-strand breaks and 
uncapped telomeres. the experimental approach and conclusions summarized in this figure were described in references 29 and 45. (A) Double-
strand break (DsB). Long ssDNA can be generated around a DsB by 5'→3' resection if DsB repair is delayed. While damage in dsDNA (gray stars) can 
be repaired by major repair pathways, such as base excision repair, nucleotide excision repair, post-replication repair, damage in ssDNA (yellow stars) 
often remains unrepaired. repair of an inducible site-specific DsB was triggered by adding oligonucleotides complementary to the ends of the break. 
trans-lesion DNA synthesis (tLs) is required to create a complementary strand on the damaged DNA template. the tLs events can generate wild-type 
sequence; however, if tLs is error-prone mutations (blue boxes) can be created at many DNA damage sites. (B) Uncapped telomere. Long ssDNA can 
be generated by 5'→3' resection at telomeres that transiently lost their capping protein complex. this uncapping was achieved by shifting a cdc13-1 
mutant to a non-permissive temperature (37°C). restoration of the telomere cap and dsDNA was allowed by shifting back to permissive temperature 
(23° C) after applying DNA damage (Uv or MMs). Multiple mutations were generated by error-prone tLs as in (A). Mutations were initially detected29 
in a reporter LYS2 gene (not shown), placed at 2.2 kb from left telomere of the chromosome v, based on lysine auxotrophy. Mutations in the other 
genomic areas of these lysine auxotrophs were identified in the current study by extended sequencing of the chromosome v subtelomeric region and 
later by whole genome sequencing (see results).
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higher eukaryotes are much longer due to 
the presence of introns. For example, the 
sizes of human genes range from several 
hundred nucleotides to more than a mega-
base, with a median around 25–30 kb.47,48 
Thus LHM would need to span tens of 
kilobases to generate multiple mutations 
in the ORF of an average mammalian 
gene.
In order to determine the extent of 
the UV-induced LHM area we employed 
capillary ABI (Applied Biosystems, Foster 
City, CA), technology to sequence 30 kb 
regions adjacent to the left telomere of chro-
mosome V, where subtelomeric LHM was 
observed in the LYS2 reporter. We exam-
ined twelve lys2 mutants of the Rad+ strain 
obtained in a previous study in reference 
29, after UV-irradiation of cdc13-1 cells 
arrested at non-permissive temperature 
(37°C). This condition inhibits telomere 
capping and results in formation of long 
ssDNA tails by way of 5'→3' resection.49-51 
For the no LHM control, the same region 
was sequenced from nine lys2 mutants iso-
lated after UV-irradiation of the culture 
kept at permissive 23°C temperature, a 
condition in which ssDNA is not formed. 
Sequenced regions of each of the control 
strains contained only the single muta-
tion in the LYS2 which gave rise to the 
Lys- phenotype selected in the experiment. 
In contrast, lys2 mutants isolated from 
UV-induced LHM conditions contained 
up to 11 mutations with tracts of multiple 
mutations spanning over 17 kb from the 
telomere (Fig. 3 and Sup. Tables 2 and 3). 
The mutation density in the LHM regions 
was constant over telomere-proximal 12 
kb and declined beyond that. Similar to 
our previous observation29 and in agree-
ment with UV damage specificity,52 most 
mutations were base substitutions with 
a strong bias toward changes of pyrimi-
dines in the strand that would be retained 
after 5'→3' resection from the uncapped 
telomere. Thus, our results with extended 
sequencing are in agreement with LHM 
originating from damaged ssDNA formed 
by resection from the uncapped left telo-
mere of chromosome V. Since UV damage 
is comparable for ssDNA and dsDNA53,54 
we cannot distinguish between damage to 
ssDNA formed by resection versus dam-
age to dsDNA right before resection. It is 
worth note that in the follow-up study of 
change in the overall frequency of muta-
tions in the reporters of ssDNA-associated 
mutagenesis when Polη was deleted.29 We 
note that the frequency of mutant alleles 
of a reporter gene in a population that con-
tains cells with LHM spanning a reporter 
depends upon the mutation density within 
the LHM region, on the LHM fraction 
in the population as well as several other 
parameters. Thus direct measurement of 
mutation density by sequencing reporter 
ORFs provides more accurate estimate 
of LHM (discussed in refs. 29 and 45). 
Therefore, we have sequenced LYS2 ORFs 
from 22 UV-induced lys2 mutants in the 
rad30Δ derivative of the cdc13-1 strain 
with a subtelomeric LYS2 reporter on 
the left arm of chromosome V (Table 1 
and Sup. Table 1). We chose the subtelo-
meric LYS2 reporter because of the ORF 
is twice as large as the DSB-associated 
CAN1-mutation reporter. The densi-
ties of mutations within the lys2 mutant 
ORFs were very similar between Rad+ and 
rad30Δ backgrounds. One explanation 
of this similarity is that the Polζ/Rev1-
dependent error-prone TLS dominates in 
damaged ssDNA of wild type cells, while 
Polη error-free TLS operates only as a 
supplemental mechanism. The prevailing 
role of Polζ/Rev1 TLS may be associated 
with special conditions with checkpoint 
activation, which is characteristic for 
cells experiencing DSB or uncapped telo-
mere. Both damage checkpoint and cell 
cycle controls have been implicated into 
regulation of TLS by specialized DNA 
polymerases.46 Importantly, a density of 
approximately one mutagenic UV-lesion 
per 3 kb in the LHM segment is close to 
the expected density of pyrimidine dimers 
in DNA of our treated yeast cells based 
on prior estimates.39,41 We conclude that 
the main source of UV-induced LHM is 
lack of repair rather than a higher density 
of UV-damage in ssDNA and that most 
lesions give rise to mutations via TLS.
Regions of damage-induced LHM can 
be large. The mutation reporters used in 
our previous studies did not allow detec-
tion of damage-induced LHM regions 
greater than 4 kb. This would be sufficient 
for detecting simultaneous multiple muta-
tions within nearly any yeast ORF because 
the vast majority of genes in this organ-
ism lack introns. However, most genes in 
ssDNA. Thus, yeast cells are able to gener-
ate simultaneous multiple mutations in a 
single ORF by the mechanism of damage-
induced LHM in transient ssDNA. The 
experiments described below highlight 
additional biologically important features 
of this phenomenon.
Results
We performed additional sequencing in 
the mutant strains, isolated in our previ-
ous study from conditions with the high 
level of UV-induced LHM within the 
reporter LYS2 gene placed into subtelo-
meric region of chromosome V (ref. 29 
and Fig. 2B). Formation of subtelomeric 
ssDNA in these experiments was triggered 
by shifting cdc13-1 mutant yeast cells to 
non-permissive temperature 37°C, which 
lead to telomere uncapping followed by 
5'→3' resection. While the mutants were 
isolated based on lysine auxotrophy indic-
ative of inactivation of the LYS2 function, 
we proposed that they carry additional 
mutations in the left subtelomeric region 
of chromosome V as well as in other sub-
telomeric regions. Additional targeted and 
genome-wide sequencing provided impor-
tant information about the size and distri-
bution of LHM regions as well as about 
density of mutations.
Density of mutagenic damage in 
ssDNA. In the systems that we have 
developed, only a fraction of cells that 
have ssDNA in the region of the mutation 
reporter at the time of acute DNA dam-
age have the potential for hypermutation. 
Therefore, the density of mutations in 
the hypermutable fraction was estimated 
based on the distribution of single and 
multiple mutant alleles (refs. 29 and 45 
and Sup. Table 1). Damage-induced 
LHM completely depended on error-prone 
TLS by Polζ (Rev3, Rev7) and on Rev1. 
Similar to other kinds of error-prone TLS, 
damage-induced LHM also depended on 
PCNA-K164 ubiquitylation. The DNA 
polymerase Polη (RAD30) provides an 
error-free TLS pathway for the major 
UV-lesion cyclobutane dimers, that can 
compete with error-prone TLS by Polζ and 
Rev.43 Therefore damage-induced LHM 
could be further enhanced in the absence 
of Polη. However, in our initial study we 
did not detect a statistically significant 
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clones were separated from the reference 
population of cells by 25–30 cell genera-
tions. Based on the recent measurements 
of genome-wide spontaneous mutations 
in non-mutagenized yeast, it is expected 
that each clone would contain at most 
1–2 new mutations.57,59 We confirmed 
the expected low level of genome-wide 
incidence of detectable mutations in 
non-mutagenized yeast cultures using 
our sequencing tools and software. In 
agreement with published data there was 
only one new base substitution mutation 
detected in the genomes of six non-muta-
genized clones separated by ~25 cell gen-
erations from the reference population. 
This contrasts with 16–38 new mutations 
found in each of the sequenced clones 
isolated after UV-mutagenesis (Fig. 4A 
and Sup. Table 4). The accuracy of the 
reference sequence and mutation calling 
was confirmed by comparing changes 
identified within Illumina/CLC GWB 
mutation reports (Sup. Table 4) with 
mutations in the left 30 kb subtelomeric 
region of chromosome V that were iden-
tified by conventional Sanger (ABI) 
sequencing (see above; total of 240 kb 
sequenced for eight isolates; Sup. Tables 
2 and 3). All 47 mutations in that region 
called in high-throughput Illumina 
sequencing were also identified by Sanger 
capillary (ABI) sequencing. Importantly, 
there were only three mutations identi-
fied by capillary sequencing that were not 
called by Illumina (Sup. Table 3). These 
mutations were actually present in the 
majority of reads, but were not called by 
the CLC GWB software due to the strin-
gency of our mutation calling param-
eters. These three mutations represented 
minor categories within UV-induced 
spectra: two mutations were complex 
it possible to use the entire genome as a 
reporter in studies of spontaneous and 
induced mutagenesis in a number of 
species.55-61 A reference sequence is cre-
ated from the DNA of the cells that are 
closely related to the clones or tissues in 
which mutagenesis is explored. With the 
current level of technology, mutations can 
be identified (called) with confidence only 
in unique or moderately repeated parts of 
the genome. In the case of yeast this could 
be as much as 80–90% of the genome 
because rDNA repeats (about 10% of the 
genome) are excluded from the analy-
sis and the rest of the reference sequence 
contains gaps at moderately repeated 
sequences. The sequence reads from indi-
vidual clones are then aligned against 
the reference sequence and mutations are 
called using special software packages. As 
a last step in the identification of damage-
induced mutations, all changes that are 
found in more than one clone are removed 
from the list. These identical mutations 
could result either from errors in the refer-
ence sequence or could arise during propa-
gation of the population that was a source 
of the reference sequence.
We used the Illumina GAIIx (San 
Diego, CA) sequencing platform and 
CLC Genomics Workbench (GWB) 4.0 
(CLC Bio, Katrinebjerg, Denmark) soft-
ware to build the reference sequence of 
the strain DAG760 and to call mutations 
from Illumina reads of five clones isolated 
from the condition with UV-induced 
subtelomeric LHM (cdc13-1 cells, 
G
2
-arrested at non-permissive 37°C) as 
well as from three control clones obtained 
after UV-mutagenesis of cdc13-1 cells 
that stopped at G
1
 after growth at per-
missive temperature 23°C (see Materials 
and Methods and Sup. Materials). The 
DSB associated LHM caused by methyl-
methane sulfonate (MMS), a mutagenic 
agent with ssDNA-specific spectrum, we 
found that MMS-induced LHM is asso-
ciated with lesions in ssDNA rather than 
with damage occurring in dsDNA imme-
diately before resection.45 Furthermore, 
the strand bias observed in our previous 
work29 as well as in the current study 
makes it unlikely that LHM could be due 
to long-term inhibition of repair in sub-
telomeric dsDNA persisting through the 
next round of DNA replication. Such a 
pathway would result in lys2 mutations 
originating from both DNA strands and 
thus a mutation spectrum lacking strand 
bias. Altogether, long-range sequencing 
demonstrated that the eukaryotic yeast 
cell is capable of restoring at least 15 kb 
of single-strand DNA containing over 10 
mutagenic lesions to functional dsDNA 
with multiple mutations. This indicates 
that the area of damage-induced LHM 
can encompass an average size human 
gene and produce sets of mutations scat-
tered over the entire ORF.
Genome-wide landscape of damage-
induced mutations in cells with LHM. 
In our previous study, UV-induced LHM 
was observed only at a subtelomeric LYS2 
reporter but not in other LYS genes scat-
tered across the yeast genome.29 This 
indicated that the mutation load due to 
UV-induced mutagenesis in the rest of the 
genome is low. In order to verify this, we 
explored the genome-wide landscape of 
UV-induced mutations in several of the 
yeast clones that were isolated from the 
subtelomeric LHM experiments and used 
for long-range sequencing described in the 
previous section.
Recent advances in high-throughput 
whole genome sequencing have made 
Table 1. Multiple mutations and lys2 mutation spectra resulting from Uv irradiation of cdc13-1 yeast strains. 
Genotype1
Number of mutations in 
a mutant Total # of 
mutants
D2 (mut/kb) Indel.3 Compl.4
Sub., Py5 Sub., Pu6
Total # of mutations
1 2 3 4 5 6 T C A G
Wt 7 16 5 4 1 1 34 0.31 19 5 34 17 6 0 81
rad30D 6 9 5 1 0 1 22 0.28 6 6 20 14 1 2 49
1the data for the rad+ (Wt) strain are from reference 29, the data for rad30D strain are given in Supplemental Table 1. 2D (mut/kb), densities of muta-
tions in the 4396 nt LYS2 reporter were calculated as described in reference 45 using the formula: D=(n2+ 2n3+3n4+4n5+5n6)/(M x 4.396), where nx is the 
observed number of mutants with x mutations and M is the total number of mutants.  Calculations were made on the assumptions that (1) the vast 
majority of mutants originate from the hypermutable fraction; and (2) within this fraction individual mutations occur with equal probability in every 
cell. 3indel: small insertions and deletions. 4Comp: Complex mutations. 5,6sub Py and sub Pu:  Number of simple base substitutions in pyrimidine (Py: t 
or C) or purine (Pu: A or G) nucleotides in the non-resected strand.
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nucleotides expected for doses of UV used 
in our experiments (~6,000 lesions per 
genome based on refs. 39 and 41). This 
indicates an overall high repair capacity 
across the genome as compared with the 
corresponding Illumina generated sequence 
information.
The total numbers of UV-induced 
mutations in each genome was dramati-
cally less than the number of damaged 
combination of base substitutions and 
indels and one was a simple indel. Thus, 
there was only a minimal discrepancy 
between the total of 240 kb sequence 
obtained by capillary ABI versus the 
Figure 3. Uv-induced mutations in a subtelomeric area. (A) Presented are mutations in a 30 kb terminal region of the truncated left telomere region 
of chromosome 5 (details of the construction are described in ref. 29) in twelve lys2 mutants induced by Uv-light in G2 arrested at 37°C cdc13-1 cells. 
Not shown are nine lys2 mutants induced by Uv-light in control G1 stationary cells that were kept at permissive temperature (23°C). each of nine mu-
tants from control set contained only one lys2 mutation across the sequenced 30 kb region (Sup. Table 1). each horizontal line under the map of the 
region corresponds to the sequence of an individual mutant. symbols correspond to a nucleotide change in the single strand that would remain after 
resection of the complementary strand. see Supplemental Tables 2 and 3 for complete information about all identified mutations. (B) the average 
mutation densities (numbers above top grey lines) and total numbers of different mutation types (graph) in the 12 sequenced lys2 mutants originating 
from G2-arrested cdc13-1 cells treated by Uv-light. All mutants were picked by inactivation of LYS2 function; therefore calculation of mutation density 
in the LYS2 segment (number in brackets) was based on the formula and assumptions described in footnotes for table 1. the average mutation densi-
ties in the other two regions, where all mutations were unselected, were calculated as the total number of mutations divided by the total number of 
nucleotides sequenced in these regions.
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mutations throughout the entire chromo-
some are reported in the 5' to 3' direction 
of the top strand. Therefore, it would 
contain the actual sequence of ssDNA 
generated by resection from right telo-
meres and the sequence complementary 
to ssDNA retained after resection from 
left telomeres. As expected, there were 
more base substitutions in pyrimidines of 
the top strand reported in right subtelo-
meric regions of cdc13-1 G
2
 arrested cells, 
while for the left telomeres there were 
more substitutions reported in purines of 
the top strand (Fig. 5B; p < 0.02 by two-
tailed Fisher’s exact test). In summary, 
whole genome sequencing confirmed 
that density of UV-induced mutations in 
G
2
-arrested cdc13-1 cells is high in sub-
telomeric regions, while remaining at a 
baseline level throughout the rest of the 
genome. Importantly, based on incidence 
of unselected mutation clusters yeast cells 
are capable of tolerating multiple areas of 
UV-damaged ssDNA.
Discussion
Our results establish that the combination 
the three factors contribute to damage-
induced LHM generating widely spread 
clusters of multiple mutations without 
excessive mutation load in the rest of the 
genome: (1) high capacity of DNA dam-
age repair, (2) toleration of large regions of 
damaged ssDNA and (3) highly efficient 
error-prone translesion synthesis (TLS) 
during restoration of damaged ssDNA 
to dsDNA. Presented below are several 
important questions and implications 
related to the phenomenon of damage-
induced LHM.
Mechanisms of damage-induced 
LHM. In our experiments LHM was 
observed after restoration of damaged 
ssDNA formed at unprotected DNA 
ends such as DSBs and uncapped telo-
meres (refs. 29, 45 and this study). While 
the length of ssDNA can be extensive at 
unprotected DNA ends in prokaryotic 
and eukaryotic microbes, it appears to be 
much shorter in mammalian cells.51,64-66 
The prevailing view is that the resection 
machinery is conserved across eukaryotes 
but the end-resection capacity is limited 
under normal conditions in mammalian 
cells. However, it is worth noting that 
To address the genome-wide incidence 
of unselected mutations, the subtelomeric 
region adjacent to left telomere of chro-
mosome V was excluded from further 
calculations, because it contained mutant 
lys2 alleles selected within our experi-
mental design. Densities of UV-induced 
internal mutations in control as well as 
in G
2
-arrested cdc13-1 cells were in agree-
ment with mutation frequencies of the 
LYS2 subtelomeric reporter in the absence 
of ssDNA formation.29 The densities of 
subtelomeric mutations in three con-
trol isolates did not show a statistically 
significant difference from that of inter-
nal UV-induced mutations. In contrast, 
the density of subtelomeric mutations 
in cdc13-1 G
2
 arrested cells was approxi-
mately 16-fold greater than the mutation 
density at the internal regions of the same 
genomes, suggesting that several regions 
of LHM could be tolerated in the same 
cell (Fig. 5A). The density of mutations 
in the left subtelomeric region of chro-
mosome V, where initial lys2 mutations 
were selected, was 7-fold greater than the 
density of unselected UV-induced muta-
tions in other subtelomeric regions (com-
pare Fig. 3B with 5A). The unselected 
subtelomeric mutation clusters were also 
shorter than those in the left subtelomeric 
region of chromosome V, to which muta-
tion selection was applied. This could 
be explained by incomplete detection of 
mutations in moderately repeated seg-
ments that are often present in subtelo-
meric regions63 and/or by shorter stretches 
of ssDNA in the majority of subtelomeres. 
In order to verify that increased mutation 
density in subtelomeric regions was due to 
mutations induced by UV in ssDNA, we 
summarized data about bases mutated in 
the reference genome (Fig. 5B). In agree-
ment with the well established mutagen 
specificity of UV, the majority of muta-
tions associated with model LHM report-
ers in the vicinity of uncapped telomere 
or DSB were identified as changes of 
pyrimidines in the ssDNA formed by 
resection (reviewed in ref. 29 and Fig. 3). 
Thus, if increased density of unselected 
subtelomeric mutations is due to ssDNA 
generated by 5'→3' resection in telomeres, 
the same kind of bias is expected. For 
the format of genome-wide analysis, it is 
important to note that the sequence and 
lack of repair resulting in LHM, associ-
ated with ssDNA formed at uncapped 
telomeres. In our experiments, cdc13-1 
cells were held at non-permissive tem-
perature for 6 h before UV-irradiation. 
In prior studies, ssDNA was detected 
10–30 kb from telomeres in cdc13-1 cells 
arrested in G
2
 by shifting to non-permis-
sive 37°C temperature for 6 h.49 Questions 
about continuity and size distribution for 
ssDNA regions created by 5'→3' resection 
in this system have yet to be addressed. 
The resection rate in yeast was measured 
carefully only with site-specific DSBs, 
where the 5'→3' DNA degradation pro-
ceeded at a rate of approximately 4 kb per 
hour.51 While conditions may differ for 
the resection at uncapped telomeres, this 
value leads to an estimate of around 25 
kb of ssDNA formed by 5'→3' resection 
in the cdc13-1 G
2
-arrested cells and pro-
vides an opportunity to address mutations 
in the subtelomeric vs. internal regions 
of the genome. In the absence of subtelo-
meric ssDNA formation, 76 out 84 (90%) 
UV-induced mutations were located in 
internal regions of chromosome (93% 
of the sequenced genome), while only 
8 (10%) mutations mapped to subtelo-
meric regions (comprising the remaining 
7% of the sequenced genome) (Fig. 4A). 
In contrast, the fraction of subtelomeric 
mutations was 46–69% of all changes 
induced by UV in cells in which there was 
an opportunity for generation of subtelo-
meric ssDNA. Many of the mutations in 
subtelomeric regions were due to changes 
in the vicinity of the left telomere of chro-
mosome V, where selection was applied 
to inactivation of the LYS2 reporter 
(Fig. 4B). There were several clusters of 
2–4 unselected mutations (a total of 16 
mutations in clusters) in other subtelo-
meric regions of cdc13-1 G
2
-arrested cells, 
while there were no clusters in subtelo-
meric regions of the control G
1
 cells (p 
< 0.02 by two-tailed Fisher’s exact test). 
This is consistent with the observation 
of multiple resected telomeres in popula-
tions of cdc13-1 G
2
-arrested cells.62 We 
conclude that uncapping and resection 
occurs at multiple telomeres in a single 
cell. Moreover, multiple areas of damage 
induced-LHM, associated with regions 
of transient ssDNA, can occur within the 
same cell.
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by DNA damage.68,69 Thus it is impor-
tant to identify genotypes and conditions 
where frequency, size and persistence of 
ssDNA regions generated by replication 
fork uncoupling would be extended over 
the norm. In addition, long stretches of 
ssDNA whose origin is unknown have 
been identified in cultured cancer cells.70 
The origin and mechanisms produc-
ing this form of ssDNA are unknown. 
However, if this ssDNA can be restored to 
dsDNA, this could be an additional source 
of damage-induced LHM.
Even if normal resection tracts in mam-
malian cells are shorter than in yeast, the 
presence of proteins associated with resec-
tion suggest that long resection tracts 
may be possible especially in conditions 
limiting factors that might inhibit resec-
tion (reviewed in ref. 67 and references 
therein).
Another potential source of long 
ssDNA is uncoupling between leading 
and lagging strands of the replication fork; 
these can occur spontaneously and/or in 
response to blockage of DNA polymerase 
unlike microbial systems, studies of resec-
tion in mammalian cells generally rely on 
microscopic detection of ssDNA-inter-
acting proteins or antibodies rather than 
high-resolution monitoring of ssDNA 
formation. Also, there may be fewer resec-
tion tracts in mammalian cells due to DSB 
repair by non-homologous end-joining 
(NHEJ) or microhomology-mediated 
end-joining (MMEJ) in these cells. These 
pathways can eliminate substrates for 
end-resection since they act efficiently on 
blunt or minimally degraded DNA ends. 
Figure 4. Mutations identified by whole-genome sequencing in the individual genomes of Uv-irradiated yeast cells. (A) Distribution of Uv-induced 
mutations between subtelomeric and internal regions of yeast chromosomes. subtelomeric regions were defined as 25 kb from either end of the 
reference chromosome sequence (see text). shown are the total numbers of simple base substitutions, indels and complex changes for each type 
of regions. All mutations are listed in Supplemental Table 4. (B) Numbers of mutations in subtelomeric regions of each chromosome. (ss) indicates 
mutants obtained from cdc13-1 cells arrested in G2 at 37°C, a condition triggering formation of ssDNA at uncapped telomeres; (ds) indicates mutants 
obtained from control G1 stationary cdc13-1 cells at 23°C; under these conditions formation of subtelomeric ssDNA is not expected.
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to occur. We note that the size of the data-
set we have presented is not sufficient to 
exclude the infrequent incidence of clus-
ters not associated with uncapped telo-
meres. In general, we anticipate that our 
understanding of pathways and molecular 
mechanisms of damage-induced LHM 
will be greatly expanded as more genome-
wide mutagenesis data becomes available.
Can damage induced LHM occur in 
natural conditions? Examples of widely 
caused by these factors leading to clus-
ters of simultaneously occurring multiple 
mutations. Importantly, closely-spaced 
multiple mutation clusters of LHM were 
detected in our experiments only under 
situations in which ssDNA was gener-
ated. Clusters were not observed in whole 
genomes of G
1
 stationary cells or in inter-
nal chromosomal regions of G
2
-arrested, 
UV-irradiated cdc13-1 cells (Sup. Table 4) 
where long stretches of ssDNA are unlikely 
In principle, damage-induced LHM 
need not to be associated with ssDNA. It 
could originate from any cause that would 
inhibit DNA repair from the time of dam-
age through the next DNA replication. 
While several factors such as chromatin 
state, nucleosome position or transcrip-
tion status might affect the efficiency of 
DNA repair and/or mutation frequency 
(see Introduction), there has been no evi-
dence of strong, multi-fold mutator effects 
Figure 5. Density of unselected mutations and purine/pyrimidine bias in subtelomeric and internal regions of yeast chromosomes revealed by whole 
genome sequencing. the letter “m” precedes the number of specific mutant strains. in order to obtain parameters for unselected mutations, all 
changes in the 25 kb left subtelomeric region of chromosome v containing the LYS2 mutation reporter were excluded from calculations. (A) Density 
of mutations calculated for the total of base substitutions, indels and complex changes. (B) Purine/pyrimidine bias of simple base substitutions. Muta-
tions were categorized based on nucleotide changes in the 5'→3' (top) strand throughout the chromosome reference sequence.
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yeast DNA regions were designed using 
a Perl script, which first called on the 
RepeatMasker81 program to generate 
repeat masked sequences, which were 
then used for primer design via Primer3.82 
Target primer Tm was 61°C. Target 
amplicon size was 500 bp with 150 bp 
overlap. Primers were obtained from IDT 
(Coralville, IA). Liquid handling for the 
resequencing protocol was automated on 
the BioMek FX robot (Beckman Coulter) 
using a magnetic bead based purification 
system (Agencourt Bioscience). PCR and 
cycle sequencing reactions at 1/64 Big 
Dye reaction scale (cycle sequence version 
v1.1, Applied Biosystems) were performed 
on the MJ Tetrad 225 (BioRad). Bead 
cleaned cycle sequencing reactions were 
run on 48 capillary ABI 3730 sequencers 
(Applied Biosystems). Sequence data files 
were uploaded into the PolyPhred pro-
gram83 for quality analysis and polymor-
phism detection.
Building reference sequence and 
mutation calling based on illumina reads. 
Libraries were prepared from genomic 
DNA of the yeast strain DAG760 for 
sequencing on the Illumina GAIIx (San 
Diego, CA). One library contained frag-
ments around 160 nt and was run on three 
GAIIx lanes with paired end 35 nt reads. 
Another library was created with the frag-
ments around 4,500 nt and was run on 
four GAIIx lanes with mate paired end 
51 nt and 76 nt reads. All data were pooled 
together for building a reference sequence 
using CLC Genomics Workbench 4.0.2 2 
(CLC Bio, Katrinebjerg, Denmark). The 
data were first aligned against the yeast 
reference sequence of S288c strain. For 
this first alignment we allowed for ran-
dom distribution of not uniquely aligned 
reads. A consensus sequence build based 
on this alignment contained all small and 
large repetitive elements from the genome 
and all variation form the reference like 
SNPs and small indels. After extraction 
of consensus sequence we were able to 
use it for next steps of the DAG760 ref-
erence construction. Second alignments 
of all sequencing reads to the extracted 
consensus sequence (pre-reference) were 
performed in order to detect errors in pre-
vious alignment. In this second alignment 
all reads which matched in more than 
one site in the pre-reference genome were 
HARs could also reflect increased muta-
bility around meiotic DSBs which can be 
further enhanced by endogenous damage 
to ssDNA formed around breaks. Recently, 
based on analysis of vast amounts of human 
sequencing data, it was concluded that the 
increased rates of base substitutions over 
evolutionary, population and even single 
tumor or cell line timescales are associ-
ated with rearrangement breakpoints, and 
could thereby be associated with hypermu-
tability of break-associated ssDNA78 and 
references therein. Increased frequency of 
mutations around rearrangement break-
points was also reported for prostate can-
cer genomes.79 In another study, increased 
mutation rates in the human evolution 
line were associated with late replicating 
regions of the genome, which could also 
be associated with a higher frequency of 
breakage during mitotic divisions in the 
germline and/or with increase in ssDNA 
formation.80 Bringing all these findings 
together, including our observation that 
spontaneous and damage induced muta-
tion frequencies are dramatically increased 
in ssDNA as compared to dsDNA, we pro-
pose that error-prone translesion synthesis 
during restoration of damaged ssDNA 
may be a significant source of mutations in 
nature. Future studies integrating model 
system experiments with genotoxic factors 
and whole genome mutation analyses will 
shed light on the role of damage-induced 
LHM in evolution, the biology of species, 
as well as human health and disease.
Materials and Methods
Yeast strains and methods. Yeast strains 
construction as well as genetic and molec-
ular biology methods were as described in 
references 29 and 45. The genotype of the 
strain DAG760 was as follows—MATα 
ade5-1 his7-2 leu2-3,112 trp1-289 ura3Δ 
lys2Δ (in chromosome II); wild type LYS2 
was inserted between NPR2 and CIN8 
close to the de novo left telomere of the 
chromosome V.
Re-sequencing the 30 kb region adja-
cent to the left telomere of chromosome 
V. The schematics of the region structure 
are shown on Figure 3A. Details of con-
struction are described in reference 29. 
Primer pairs (Sup. Table 5) to generate 
overlapping amplicons for re-sequencing 
spread clusters of multiple mutations 
(mutation showers) have been detected 
among the mutation spectra in mice;15,16 
however, the mechanisms generating 
these clusters were not addressed. The 
hypermutability and mutation clusters 
in our experiments (refs. 29 and 45 and 
this study) were caused by damaging arti-
ficially formed ssDNA around an induc-
ible site specific DSB or in the vicinity of 
uncapped telomeres in G
2
-arrested cdc13-1 
mutant yeast. Similarly, ssDNA can be 
formed by resection at unprotected ends 
of spontaneous or damage-induced DSBs. 
Importantly, a vast number of DNA dam-
aging agents can induce both DSBs and 
mutagenic base or nucleotide damage.1 
For example, we demonstrated that base 
alkylation by methyl methanesulfonate 
(MMS) results in DSBs via faulty repair 
of closely-opposed lesions71,72 as well as in 
a high frequency of base substitutions near 
ssDNA near artificially induced site-spe-
cific DSB.45 However, multiple mutations 
were found only rarely among spontane-
ous or damage-induced forward mutations 
with regular mutation reporters. Mutation 
reporters designed to detect low frequen-
cies of clustered multiple mutations are 
under development in our lab.
Does damage-induced LHM contrib-
ute to natural genetic variation and dis-
ease? Mutations are the primary source of 
sequence variation in evolution. Localized 
increases in the number of mutations accu-
mulated during human evolution from 
a common ancestor with chimpanzees 
have been associated with meiotic DNA 
breaks.73-77 These studies have also identi-
fied a number of human accelerated regions 
(HARs) in which over the past ten mil-
lion years of primate evolution many more 
mutations have accumulated than over pre-
ceding hundred million years of mamma-
lian evolution. An association was detected 
between hotspots of meiotic recombina-
tion in human males and HARs. Another 
distinct feature of HARs is a mutation bias 
of A-T or T-A pairs changing into G-C or 
C-G pairs. One explanation is that there is 
biased gene conversion in which G-T and 
C-A mismatches are more frequently cor-
rected toward G-C and C-G as compared 
with correction towards A-T and T-A. This 
would lead to increased fixation of G-C 
and C-G mutant base pairs. However, 
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ignored. 38 SNPs (base substitutions) not 
detected in first alignment were identified 
and manually corrected. This resulted in 
the master DAG760 reference sequence. 
All sequenced mutant strains used for 
experiment were aligned to master refer-
ence sequence of the DAG760 genome. 
Parameters for SNP or indel discovery 
were restrictive for the quality of both sub-
stituted bases and surrounding bases but 
allow for minimum 80% of the variation 
frequency. We identified SNPs (located 
usually in sites with repeatedly low cov-
erage), which were common for most of 
the strains. These common SNPs were 
excluded from next steps of analysis.
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